Epigenetic variants of the archaeon Sulfolobus solfataricus called SARC have evolved heritable traits 22 including extreme acid resistance, enhanced genome integrity and a conserved "SARC" transcriptome 23 related to acid resistance. These traits appear to result from altered chromatin protein function related 24 to the heritable hypomethylation of chromatin proteins Cren7 and Sso7D. To clarify how this might 25 occur, ChIPseq and Affinity Purification Mass Spectrometry (AP-MS) were used to compare Cren7 and 26 Sso7D genome binding sites and protein networks between lineages (wild type and SARC) and culture 27 pH (pH 1 and 3). All SARC transcriptome loci were bound by these chromatin proteins but with invariant 28 patterns indicating binding alone was insufficient to mediate the SARC traits. In contrast, chromosome 29 association varied at other loci. Quantitative AP-MS was then used to identify protein interaction 30 networks and these included transcription and DNA repair proteins implicated in the evolved heritable 31 traits that varied in abundance between SARC and wild type strains. Protein networks included most of 32 the S-adenosylmethionine (SAM) synthesis pathway including serine hydroxymethyltransferase (SHMT), 33 whose abundance varied widely with culture pH. Because epigenetic marks are coupled to SAM pools 34 and oxidative stress in eukaryotes, occurrence of a similar process was investigated here. Archaeal SAM 35 pools were depleted by treatment with SAM pathway inhibitors, acid or oxidative stress and, like 36 eukaryotes, levels were raised by vitamin B12 and methionine supplementation. We propose that in 37 archaea, oxidation-induced SAM pool depletion acting through an SHMT sensor, drove chromatin 38 protein hypomethylation and thereby protein network changes that established the evolved SARC 39 epigenetic traits. 40
Introduction 51
Epigenetics is defined as the heritability of a phenotypic state that does not result from changes in DNA 52 sequence. In eukaryotes, epigenetic mechanisms involve reversible post-translational modification of 53 histones or DNA and are essential for influencing adaptive traits and cellular development. Components 54 of chromatin-mediated epigenetics require histones, histone modification writers, readers and erasers 55
(1), and histone remodelers (2). DNA methylation requires enzymes that deposit, read and erase CpG 56 methylations (3). Together these mechanisms underly epigenetic processes across eukaryotic lineages 57 (4). 58
The domain archaea share molecular processes with eukaryotes using homologous proteins to 59 accomplish them. These include proteins involved in DNA replication, DNA repair, RNA transcription and 60 protein translation (5, 6) . Due to these conserved features and more recent phylogenetic work, a two 61 domain tree model was proposed in which eukaryotes arose from archaea (7) . Until recently however, it 62 was unclear if epigenetics was included among these processes. Although the euryarchaeotal phylum 63 use histone homologs (8) to package DNA, they are not post translationally modified (9) and lack 64 epigenetic activity. However, recent work indicates epigenetic mechanisms are operative in the 65 crenarchaeotal phylum (4, (10) (11) (12) . 66
The crenarchaeote and thermoacidophile, Sulfolobus solfataricus, was used in adaptive laboratory 67 evolution experiments to improve acid resistance (11) . Surprisingly, this and additional evolved traits 68 appeared to arise through an epigenetic mechanism (4,10,12). Triplicate trials involving serial passage at 69 sequentially lower pH values produced independent cell lines named super-acid-resistant Crenarchaeota 70 (SARC) (11). All SARC had a 100-fold increase in acidophily and 10-fold increase in resistance to the 71 common oxidative microbicide sulfite, supporting the link between pH and oxidative stress (11) (12) (13) (14) . 72 These traits were accompanied by a conserved and heritable transcriptome of "SARC genes" related to 73 acid tolerance that was retained after passage without selection (11, 12) . In addition, SARC had increased 74 genome integrity manifested as reduced mutation and transposition rates relative to a control strain 75 passaged without selection. Although mutations that explained the SARC traits were predicted, the 76 genome of one of the SARC lines (SARC-I), had no mutations, transpositions or rearrangements relative 77 to its parent (SULG) after extensive PCR, resequencing and bioinformatic analysis (12). Therefore, an 78 epigenetic mechanism was proposed to explain the evolved traits (12). Moreover, it was found that 79 gene expression and phenotype could be perturbed in SARC using recombination to replace the native 80 chromatin at SARC gene loci with naïve DNA, without introducing sequence change (12). As DNA 81 methylation in archaea is bacterial-like, the eukaryotic epigenetic mechanism of CpG site methylation is 82 unlikely to occur in Sulfolobus (15). However, because chromatin proteins Sso7D (16) and Cren7 (17) are 83 heritably hypomethylated (10), the SARC traits may instead be mediated by Cren7 and Sso7D and their 84 modification state in a process analogous to that of undermodified eukaryotic histones. 85
In eukaryotes, a link has been established between epigenetics, oxidative stress and metabolism via the 86 SAM and one-carbon pathways, that produce substrate for histone methylation (18, 19) . Reactive oxygen 87 species inactivate the SAM-generating enzyme methionine synthase (20) and its cofactor vitamin B12 88 (21). Without a methyl donor, histones become undermethylated (22) and expression patterns may be 89 altered via perturbed protein-protein interactions (23). To maintain certain histone methylations even 90 during oxidative SAM limitation, the eukaryotic SAM synthase II isozyme directly associates with a 91 histone and histone methyltransferase to promote methylation (24). In addition, the eukaryotic SESAME 92 complex contains SAM pathway enzymes and interacts with the histone methyltransferase Set1 (25). 93
New evidence in eukaryotes suggest that histones store methyl groups and that histone 94 undermethylation is a controlled process (26). In S. solfataricus, the calculated protein-bound methyl 95 pool (27) is two orders of magnitude greater than the soluble SAM pool per cell (28), supporting this 96 idea. The studies described here were undertaken to identify factors controlling archaeal chromatin 97 protein methylation that might link epigenetics, oxidative stress and metabolism. 98
Methods 99
Archaeal strains and cultivation. S. solfataricus (SULG) (12,29) and an acid-adapted derivative of this cell 100 line (SARC-I) (12) were grown as described previously by Payne et al. (12) and SI Appendix, Supplemental  101 Methods. Cells were harvested at an OD540nm of 0.5, were crosslinked as described previously (30) and 102 stored as 20OD pellets at -20C until further use. Media reductive potential was measured using a 103 Pinpoint Platinum ORP/redox Probe (American Marine). 104
Genome distribution of chromatin proteins. Prior work indicated that heritable hypomethylation of 126 chromatin proteins and their binding to particular genes may mediate the SARC traits (10,12). However, 127 these proteins bind the minor groove and their methylated residues are on solvent-facing surfaces (10) 128 that do not appear to alter DNA-binding affinity (17, 32) . Therefore, it was predicted that the location 129 and binding affinity of these proteins was invariant between wild type and SARC strains. To test this 130 predictions, ChIPseq was conducted using wild type and SARC (12) strains to determine Cren7 and Sso7D 131 genome binding patterns. In this work, parental SULG (henceforth referred to as wild type) and its 132 evolved epigenetic variant SARC-I (SARC) were used because they are genetically identical but 133 phenotypically distinct (12). 134
Cren7 and Sso7D proteins exhibited genome-wide coverage ( Fig. 1 ; SI Appendix Fig S1&S2) and bound all 135 SARC transcriptome genes including those whose expression was perturbed by recombination (12), 136 supporting their role in the SARC traits. ChIPseq peaks often overlapped between the two proteins. As 137 predicted, the genome location and read depth of most Cren7 and Sso7D peaks did not vary greatly 138 between wild type or SARC strains cultured under identical conditions ( Fig. 1 ). In addition, the size of 139 peaks and their change in size between wild type and SARC cultured under identical conditions did not 140 correlate with patterns of expression level or expression change in SARC (12). Therefore, while 141 chromatin protein presence may contribute to chromatin-mediated transcriptional regulation, DNA-142 binding affinity does not. Peak patterns at SARC genes were consistent between conditions, while peak 143 variation occurred at low frequencies for other loci. Both proteins had high affinity (high sequence read 144 depth) (SI Appendix Table S1&S2 ) and low affinity (low sequence read depth) peak patterns in which 145
Cren7 binding peaks were fewer and larger relative to Sso7D, while Sso7D exhibited more and smaller 146 peaks. This appeared consistent with Cren7's greater binding affinity compared to Sso7D (17, 33) . 147 However, both proteins had a similar genome coverage of 45%. This is because the larger width of Cren7 148 peaks provided a similar genome coverage as many but narrower low affinity Sso7D peaks. These data 149 suggest that Cren7 is more targeted in its interaction with the genome while Sso7D is more general. 150
Although peak patterns were similar between strain type, the size of most high affinity Sso7D peaks in 151 SARC increased when cultured at lower pH (pH 1) ( Fig. 1 , SI Appendix Fig S1&S2) . 152
The ORFs associated with high affinity binding sites for both chromatin proteins appeared related to 153 SARC traits (SI Appendix Table S1&S2 ). Cren7 had 157 high affinity sites that included ORFs involved in 154 SAM metabolism, DNA repair, oxidation resistance, transcriptional regulators, CRISPR Cas enzymes and 155 several transposases (SI Appendix Table S1 ). Sso7D had 64 high affinity sites that included ORFs present 156 in the Cren7 dataset, with the addition of ORFs involved in RNA processing, DNA remodeling and many 157 IS4 family transposases (SI Appendix Table S2 ). Each protein also exhibited unique gene associations. 158
Cren7 was highly abundant at CRISPR array loci amounting to 47% of its total genome binding and may 159 form a chromatin fiber (34). In contrast, Sso7D was abundant at the rDNA locus, but only in SARC at pH 160 1, amounting to 4% of its total genome binding while Cren7 was absent at this locus ( Fig. 1 ). Sso7D was 161 also bound at many insertion sites of insertion sequence element IS4. This is intriguing because the "cut 162 and paste" IS4 element was the most active IS family in SUL120, a control cell line passaged without acid 163 selection whose mutation and transposition rates were higher than in SARC (12). In contrast, Cren7-164 bound transposase genes were not active in SUL120. These results suggest Cren7 may be important in 165 immunity to foreign DNA, while Sso7D may be important for protein synthesis and may inhibit IS 166 element excision in the cut and paste transposition mechanism. Furthermore, the broad distribution of Sso7D compared to Cren7 may indicate a role in DNA protection such as suggested for bacterial Dps 168 (35). Again, these binding pattern differences suggest the two proteins fulfill different biological roles 169 that may facilitate the SARC traits. 170
The consistency of peak location between strain and culture condition implied a non-random DNA 171 binding mechanism. Despite this, the high affinity peaks for both proteins were not bound at conserved 172 DNA sequences or regions of GC bias, which is consistent with previously reported data (17, 32) . 173
Searches for potential binding motifs limited motif size to at least 6bp as this is the smallest observed 174 binding site of both proteins (17,33) and avoids statistically frequent smaller motifs. Therefore, since 175 both proteins bind the minor groove and have limited capacity to bind specific sequences (16,17), their 176 non-random binding sites must arise from their association with other DNA binding proteins. A similar 177 mechanism has been observed with Sulfolobus SS-LrpB, which binds DNA when associated with LysM 178 (36). 179
Archaeal chromatin protein networks. In eukaryotic histones, methylation changes on the solvent 180 facing surfaces of histone cores do not alter DNA-binding affinity but can dramatically alter transcription 181 and DNA repair through protein-protein interactions (23,37). Johnson et al found Cren7 and Sso7D were 182 modified at solvent facing residues and not at DNA-contacting sites (10). Furthermore, methylation state 183 does not alter DNA-binding affinity (17, 32) . Because SARC exhibited traits associated with transcriptional 184 regulation and the preservation of genome integrity (12), it was predicted that Cren7 and Sso7D 185 associate with other proteins involved in DNA binding, transcription, and DNA repair. Since ChIPseq 186 patterns differed between the two chromatin proteins, protein complexes also were likely to differ in a 187 manner consistent with different biological function. Furthermore, chromatin protein undermethylation 188 in SARC was predicted to alter protein-protein association affinities. To test these predictions, 189
quantitative affinity purification and mass spectrometry (AP-MS) (38) of crosslinked chromatin protein 190 complexes was used to identify and quantify the abundance of proteins present in the protein 191 interaction network (interactome) of Cren7 and Sso7D in wild type cultured at pH 3 and SARC cultured 192 at pH 3 and 1. Comparison to the existing transcriptomic dataset (12) permitted an integrated analysis of 193 differential protein interactions that accounts for changes in expression level. It should be noted that 194 AP-MS cannot distinguish between interactions that are direct or indirect but do indicate participation in 195 protein complexes. This method is quantitative through the addition of an internal standard, allowing 196 the determination of a protein's relative change in abundance between strains and pH conditions. 197
As predicted, the interactome components for both chromatin proteins often differed in abundance for 198 wild type and SARC cultured under identical conditions (Fig. 2 , SI Appendix Table S3&S4 ). These changes 199
were not explained by transcriptional changes at the cognate genes (12). Because the wild type and 200 SARC strains have identical genome sequences, these differences could result from an epigenetic 201 process. Proteins in the interactome of Cren7 and Sso7D generally occurred at similar abundances for 202 wild type cultured at pH 3 and SARC cultured at pH 1 (Fig. 2) . However, when cultured at the same pH, 203 the total abundance of proteins associating with Cren7 in SARC was 12% ± 2 less compared to the 204 parental strain. For Sso7D, the total protein abundance was 60% ± 10 more in SARC. Many proteins were 205 involved in functions related to the SARC traits, including transcription, chromosomal topology and 206 repair, translational regulation, and the SAM synthesis pathway (Fig. 2 , SI Appendix Table S3&S4 ). As 207 predicted from overlapping ChIPseq patterns, Sso7d appeared in the Cren7 interactome. Method 208 sensitivity may explain the absence of Cren7 in Sso7D's interactome. The Cren7 interactome included 209 key components of the basal transcription complex such as TATA-box binding protein (TBP), 210 transcription initiation factor IIB (TFB), transcription factor S (TFS) and the Rpo3, 4, 7 and 11 subunits of 211 RNA polymerase, supporting a role in transcriptional regulation. The Cren7 interactome also contained a 212 putative Ruv-B protein, aTIP49 protein and a Type II topoisomerase VI, which are important for 213 recombination and DNA repair (39, 40) . 214
Interestingly, the Cren7 interactome also included most proteins in the SAM synthesis pathway including 215 SAM synthase, B12-dependent and independent methionine synthases (MS), serine 216 hydroxymethyltransferase (SHMT) and glycine cleavage system H protein (GCSH). Sso7d also interacted 217 with SHMT and GCSH. Only some proteins made contacts with both Sso7D and Cren7 interactomes. 218
Both proteins interactomes included various transcriptional regulators (TFs) and other DNA-binding 219 proteins, which are likely to confer chromatin protein sequence specificity and may alter regulatory 220 activity related to SARC traits (36, 41, 42) . Additional interactome features included protein abundance 221 differences when comparing wild type and SARC and comparing SARC growth pH conditions (Fig. 2,  222 abundance values and sample variance in SI Appendix Table S3&S4 ). For the Cren7 interactome, 223 proteins related to SAM metabolism may be involved in regulating chromatin protein methylation state. 224 SAM synthase was decreased -2-fold for SARC at pH 3 relative to wild type at pH 3, while MS and GCSH 225 were increased (4 and 4.5-fold). SHMT was highly increased (9.4-fold) for SARC at pH 1 relative to the 226 two other conditions. Proteins related to transcription were also altered and may be involved in the 227 heritable transcriptional changes in SARC. Proteins that were decreased more for SARC at pH 3 relative 228 to wild type at pH 3 included Rpo3, Rpo7, Rpo11 (-2, -50-fold, and absent), TFS (-2.6-fold), TFB (-2-fold), 229 and two TFs (-4.5-fold and absent), while two TFs and Rpo4 were increased (4.3, 18.8 and 93-fold, 230 respectively). TBP was decreased -2.7-fold for SARC at pH 1 relative to SARC at pH 3. 231
The abundance of Cren7 interactome proteins related to DNA topology and repair also changed and may 232 be involved in the reduced mutation rates of SARC. Proteins that decreased more for SARC at pH 3 233 relative to wild type at pH 3 included a topoisomerase (-2.7-fold), Rub-B like protein (-9.1-fold), a DNA 234 binding protein (-12.5-fold) and Sso7D (absent). Proteins that were increased for SARC at pH 1 relative 235 to SARC at pH 3 included two DNA binding proteins (41.2 and 3.5-fold), DNA primase (19.7-fold), a 236 putative RuvB (14.8-fold) and a CRISPR-associated protein (2.9-fold). In the Sso7D interactome, a LysR TF related to transcription was increased 2.1-fold for SARC at pH 3 relative to wild type. For DNA topology 238 and repair, a DNA binding protein was associated for SARC at pH 1 but not for other conditions. 239 SAM pools and oxidative stress. In eukaryotes, maintenance of chromatin histone methylation state 240 depends on S-adenosyl methionine (SAM) pool size and is affected by oxidative stress. This is because 241 oxidative stress inactivates methionine synthase and its cofactor vitamin B12 that are required for SAM 242 synthesis (18, 22) . Oxidative stress is a relevant stress for S. solfataricus because it occurs during 243 cultivation at high temperature and low pH. Sulfolobus medium measured for oxidation-reduction 244 potential (Eh), a measure of oxidative stress (43), shows that it is a more oxidizing environment at pH 1.0 245 (Eh 648mV) than pH 3.0 (Eh 504mV). Therefore, it was predicted that SAM pools would be depleted in 246 SARC when cultured at higher E h (lower pH) values. If true, then a metabolic basis for hypomethylation 247 could be established. To test this hypothesis, SAM was extracted from wild type and SARC strains under 248 various growth conditions and measured using HPLC. 249
The two strains had similar SAM pools and were similarly affected by treatment conditions (Fig.3 for 250 SARC, SI Appendix Fig.3 for wild type) . SAM pools were depleted by exposure to low pH (high Eh), as they 251 were 43% lower for SARC grown continuously at pH 1.0/E h 648mV (110 µM SAM ± 2) than for SARC 252 grown at pH 3.0/Eh 504mV (192µM SAM ± 8). As SAM depletion leads to hypomethylation of eukaryotic 253 histones, the same likely occurred with SARC chromatin proteins (18, 22) . This depletion occurred 254 rapidly, as cells transferred from continuous pH 3 culture to pH 1 for 1 hr had SAM pools reduced by 255 22% (150µM SAM ± 4). Furthermore, oxidative stress in the absence of acid stress also depleted SAM, 256 further supporting the connection between pH, oxidative stress and SAM metabolism (13, 14, 19, 22) . For 257 example, SAM pools in cells cultured at pH 3 and treated with 120µM hydrogen peroxide for 1 hr were 258 71µM ± 4, a 63% reduction compared to untreated cultures (Fig. 3) . The concentration of SAM in wild-259 type S. solfataricus determined here was 162 µM ± 6 which is close to previously reported values (28) 260 and to those of eukaryotes (44) . 261
To determine if SAM depletion at increased Eh resulted from inhibition of the B12 and SAM synthesis 262 pathways, the response of SAM pool levels was evaluated by manipulating these pathways. Methionine 263 adenosyltransferase is essential for SAM synthesis and is inhibited by ethionine (45). Cells cultured at pH 264 3 were treated with 1mM ethionine, which depleted SAM pools by 39% (118µM SAM ± 13). To relieve 265 metabolic bottlenecks, pH 1 and pH 3 cultures were supplemented with 500nM vitamin B12 and 10mM 266 methionine. Supplementation increased SAM by 17% (226µM SAM ± 6) for pH 3 cultures and 23% 267 (135µM SAM ± 8) for pH 1 cultures (Fig. 3) . These data indicate SAM pools can be manipulated by 268 oxidative stress and pH, and provide a physiological route to establish epigenetic marks in SARC. 269
Discussion 270
By analogy to eukaryotic histone-mediated epigenetics, hypomethylation of SARC chromatin proteins 271 Cren7 and Sso7D could play a similar role in the epigenetic traits observed in SARC. To test this, the role 272 of chromosomal binding location and affinity was measured using ChIPseq, and protein interaction 273 networks were identified using AP-MS. Although genomic binding patterns of chromatin proteins Cren7 274 and Sso7D did not vary between wild type and SARC strains under identical conditions, protein 275 interactome networks did. This is consistent with the minor groove binding of these proteins, and that 276 methylated residues are solvent facing and would affect protein-protein interactions but not DNA 277 binding affinity. Interestingly, the Cren7 protein interactome contained much of the SAM synthesis 278 pathway which appeared conserved with the eukaryotic pathway despite the evolutionary distance. This 279 included SHMT, whose abundance increased 9.4-fold under pH 1 culture conditions, contradicting its 280 expression levels (12). Furthermore, SAM pools were depleted under oxidative conditions, a response 281 that is conserved in eukaryotes and was likely experienced by SARC during their evolution. These 282 findings establish a metabolic basis for chromatin protein hypomethylation and are consistent with a 283 model for the role of chromatin methylation state in the SARC traits (Fig. 4) . 284
Cren7 forms network contacts with most of the basal transcription complex, indicating its potential role 285 in regulating gene expression (Fig. 4A) . The abundance of these components varies for SARC compared 286 to wild type cultured under identical conditions. This implicates an epigenetic effect on the transcription 287 complex, mediated by the heritable modification state of Cren7. The exact mechanism for this mode of 288 transcriptional regulation is currently unknown. A regulatory link with SAM metabolism is also proposed 289 ( Fig.4B) . SAM pools became depleted during the evolution of SARC. However, the methylation of certain 290 chromatin regions may confer an essential expression state and must be maintained regardless of SAM 291 abundance. For many pathways, protein components form complexes to allow for substrate tunneling, 292 increasing biochemical efficiency, controlling flux at network branch points, and overcoming substrate 293 limitations (46). The SAM pathway may form a complex that associates with Cren7, channeling 294 substrates and increasing local SAM abundance (Fig. 4B) , which is consistent with patterns observed in 295 eukaryotes (24, 25) . In the Cren7 interactome, the SAM pathway is present for all strains and growth 296 conditions, while SHMT is much more abundant at pH 1. However, SHMT is 9.4-fold more abundant for 297 SARC cultured at pH 1, which is inconsistent with its expression levels (12). SHMT may therefore sense 298 cytosol redox state, associating with the Cren7-complexed SAM pathway to improve Cren7 methylation 299 at certain sites during SAM depletion (Fig. 4B) . 300
Because the methylated residues of Cren7 and Sso7D are solvent facing (10), it was predicted that their 301
ChIPseq binding patterns would be present at SARC genes but would not change between wild type and 302 SARC cultured under identical conditions. As expected, all SARC genes were bound by one or both 303 chromatin proteins and those patterns did not vary between strains. This indicates that while chromatin 304 protein presence may contribute to chromatin-mediated transcriptional regulation, DNA-binding affinity 305 does not. Furthermore, the absence of a conserved binding sequence and the minor-groove binding 306 location of Cren7 and Sso7D, suggest that protein binding partners might instead confer binding 307 specificity. As all previous work on Cren7 and Sso7D DNA binding was performed in vitro, the findings 308 presented here provide important insight into the in vivo DNA-binding patterns of archaeal chromatin 309 proteins. Structural comparisons indicate that the two proteins differ in how their DNA-binding surfaces 310 interact with DNA (47). As predicted, the two had different binding patterns and exhibited distinctly 311 different dynamics in their responsiveness to genetic background and changing environmental 312 conditions. For example, the large amount of Cren7 bound to the CRISPR arrays may serve as a 313 chromatin protein repository for regulatory changes or for populating naïve DNA during cellular 314 replication. 315
Because genome binding patterns were unaltered in SARC, it was predicted that Cren7 and Sso7D 316 formed protein interaction networks with proteins involved in SARC traits, and that these interactions 317 were altered in SARC. As expected, the two proteins interacted with SARC trait-related proteins and 318 might regulate these various functions by altering complex composition or protein activity. The Cren7 319 interactome included more proteins related to SARC traits, which is consistent with the notion that 320
Cren7 is more highly conserved across the phylum Crenarchaoeta and is more likely to mediate a 321 conserved mechanism of epigenetics. Interestingly, although a known archaeal MT with broad substrate 322 specificity, aKMT, methylates Cren7 in vitro (48), it was not found in the protein networks presented 323 here. Archaea lack homologs to known eukaryotic histone MTs so additional work may lead to their 324 identification. 325
Protein networks could result from interaction with both soluble and DNA-bound chromatin protein 326 however, it is thought that at least Cren7 occurs primarily in the DNA-bound state (17). Further work is 327 required to distinguish between these interactions and to identify the chromatin composition of specific 328 chromosomal loci. "Cytosolic" proteins that appear may be interacting with the soluble fraction. 329
However, such proteins are often present in the eukaryotic nucleus and have regulatory effects (49). As 330 archaea are deficient in multi-domain proteins (50) and Crenarchaeota are deficient in two-component 331 regulatory systems (51), these metabolic proteins may have regulatory interactions with chromatin and represent signal transduction pathways. Some archaeal proteins have motifs that appear to be proto-333 nuclear localization signals (52), which may also explain their presence near the chromosome. The 334 physical association between Cren7 and the SAM pathway suggests a connection between 1-carbon 335 metabolism and Cren7 methylation state, providing a mechanism for regulating the occurrence of 336 epigenetic traits. As the interaction between oxidative stress and cellular metabolism is ancient (53), the 337 data presented here indicate that epigenetic systems originally evolved in the context of balancing SAM 338 pools for protein methylation and redox homeostasis (19) (20) (21) . 
